The cytoskeletal protein filamin A (FLNA) has been suggested to play an important role in the responsiveness of GH-secreting pituitary tumors to somatostatin receptor subtype 2 (SSTR2) agonists by regulating SSTR2 expression and signaling. However, the underlying mechanisms are unknown. In this study, we use fast multicolor single-molecule microscopy to image individual SSTR2 and FLNA molecules at the surface of living cells with unprecedented spatiotemporal resolution. We find that SSTR2 and FLNA undergo transient interactions, which occur preferentially along actin fibers and contribute to restraining SSTR2 diffusion. Agonist stimulation increases the localization of SSTR2 along actin fibers and, subsequently, SSTR2 clustering and recruitment to clathrin-coated pits (CCPs). Interfering with FLNA-SSTR2 binding with a dominant-negative FLNA fragment increases SSTR2 mobility, hampers the formation and alignment of SSTR2 clusters along actin fibers, and impairs both SSTR2 recruitment to CCPs and SSTR2 internalization. These findings indicate that dynamic SSTR2-FLNA interactions critically control the nanoscale localization of SSTR2 at the plasma membrane and are required for coupling SSTR2 clustering to internalization. These mechanisms explain the critical role of FLNA in the control of SSTR2 expression and signaling and suggest the possibility of targeting SSTR2-FLNA interactions for the therapy of pharmacologically resistant GH-secreting pituitary tumors. (Endocrinology 159: 2953(Endocrinology 159: -2965(Endocrinology 159: , 2018 
The cytoskeletal protein filamin A (FLNA) has been suggested to play an important role in the responsiveness of GH-secreting pituitary tumors to somatostatin receptor subtype 2 (SSTR2) agonists by regulating SSTR2 expression and signaling. However, the underlying mechanisms are unknown. In this study, we use fast multicolor single-molecule microscopy to image individual SSTR2 and FLNA molecules at the surface of living cells with unprecedented spatiotemporal resolution. We find that SSTR2 and FLNA undergo transient interactions, which occur preferentially along actin fibers and contribute to restraining SSTR2 diffusion. Agonist stimulation increases the localization of SSTR2 along actin fibers and, subsequently, SSTR2 clustering and recruitment to clathrin-coated pits (CCPs). Interfering with FLNA-SSTR2 binding with a dominant-negative FLNA fragment increases SSTR2 mobility, hampers the formation and alignment of SSTR2 clusters along actin fibers, and impairs both SSTR2 recruitment to CCPs and SSTR2 internalization. These findings indicate that dynamic SSTR2-FLNA interactions critically control the nanoscale localization of SSTR2 at the plasma membrane and are required for coupling SSTR2 clustering to internalization. These mechanisms explain the critical role of FLNA in the control of SSTR2 expression and signaling and suggest the possibility of targeting SSTR2-FLNA interactions for the therapy of pharmacologically resistant GH-secreting pituitary tumors. (Endocrinology 159: [2953] [2954] [2955] [2956] [2957] [2958] [2959] [2960] [2961] [2962] [2963] [2964] [2965] 2018) S omatostatin is a peptide hormone that exerts key regulatory functions on the endocrine, neuronal, and gastrointestinal systems. These actions are mediated by a family of five G protein-coupled receptors (GPCRs) known as somatostatin receptor (SSTR) 1 to 5 (1, 2) and include inhibition of both cell proliferation and hormone secretion (3) (4) (5) (6) . Somatostatin receptor type 2 (SSTR2), one of the most expressed receptor subtypes in GHsecreting pituitary adenomas, is the main target of somatostatin analogs (SSAs), which are widely used to treat acromegalic patients (7, 8) . However, a relevant subset of patients is not successfully controlled by medical therapy with SSAs (9) (10) (11) , and several studies have attempted to clarify the molecular mechanisms underlying the pharmacological resistance to SSAs (12) (13) (14) (15) . More recently, increasing attention has been directed toward the role of scaffolding proteins and cytoskeletal elements in mediating the formation of specialized signaling subdomains at the plasma membrane and facilitating receptor internalization (16) (17) (18) (19) . Thus, a better understanding of these mechanisms appears crucial to develop innovative pharmacological therapies for acromegaly and other human diseases.
Filamin A (FLNA) is a large cytoskeletal protein characterized by an actin-binding domain located at its N-terminus and multiple binding sites for molecules involved in different signaling pathways, which are distributed along the rest of its flexible structure. The primary function of FLNA is to cross-link actin filaments (F-actin) into a three-dimensional network that defines and controls cell shape. In addition, thanks to its ability to anchor transmembrane proteins to the actin cytoskeleton and its scaffolding role for intracellular proteins, FLNA is emerging as an important regulator of GPCR expression, subcellular localization, trafficking, and signaling (20, 21) . In particular, previous studies suggested that FLNA directly interacts with SSTR2 and that this interaction might be required for the SSTR2-mediated biological effects of SSAs (17, 22) . However, how these interactions affect SSTR2 organization at the plasma membrane and its internalization was unknown.
In this study, we used innovative single-molecule imaging methods based on total internal reflection fluorescence (TIRF) microscopy (23) (24) (25) (26) to investigate the involvement of FLNA in the spatial arrangement, mobility, and internalization of SSTR2s with unprecedented spatiotemporal resolution. Our findings indicate that FLNA plays an important role in controlling the arrangement and mobility of SSTR2s at the plasma membrane by providing a physical link with actin fibers, which facilitates the clathrin-mediated internalization of SSTR2s.
Materials and Methods

Plasmids and constructs
A plasmid encoding the human wild-type SSTR2 was kindly provided by Dr. Stefan Schulz. A plasmid encoding the SSTR2 with a FLAG sequence followed by a SNAP tag at its N-terminus (SNAP-SSTR2) was cloned by inserting the SSTR2 receptor sequence into a plasmid containing the SNAP tag directly after the FLAG sequence (23) . A plasmid encoding FLNA with a CLIP tag inserted in its first hinge region (CLIP-FLNA) was generated by replacing eGFP with a CLIP tag in a construct coding for eGFP-FLNA (27) , provided by Dr. Anna M. Aragay. Plasmids expressing the FLNA repeats 19 to 20 or 17 to 18 (FLNA19-20 and FLNA17-18) were previously described (17) . A plasmid encoding eGFP-adaptor protein complex 2 (AP-2) (28) was kindly provided by Dr. Emanuele Cocucci and Dr. Tom Kirchhausen. The plasmid coding for LifeAct-GFP (29) was provided by Prof. Antje Gohla (Institute for Pharmacology and Toxicology, University of Würzburg).
Cell culture
Chinese hamster ovary (CHO) K1 (CHO-K1) cells (RRID: CVCL_0214) were maintained in DMEM/nutrient mixture F-12 supplemented with 10% (v/v) fetal bovine serum (FBS), 100 U/mL penicillin, and 100 mg streptomycin. Human embryonic kidney 293A (HEK293A) cells (RRID: CVCL_6910) were grown in DMEM supplemented with 10% (v/v) fetal bovine serum (FBS), 2 mmol glutamine, 100 U/mL penicillin, and 100 mg streptomycin. Cells were maintained in a humidified atmosphere of 5% CO 2 at 37°C.
cAMP measurements
To assess the functionality of the SNAP-SSTR2 construct, HEK293A cells were transiently cotransfected for 48 hours with 1 mg of wild-type or SNAP-tagged SSTR2 and 1 mg of a fluorescence resonance energy transfer sensor for cAMP (Epac1-camps) (30, 31) using the Effectene reagent (Qiagen, Hilden, Germany) and according to the instructions of the manufacturer. Ratiometric fluorescence resonance energy transfer measurements of intracellular cAMP levels, before and after incubation with increasing concentrations of the selective SSTR2 agonist BIM23120 (Ypsen, Milan, Italy), were performed on an Axiovert 200 inverted microscope (Zeiss, Jena, Germany), equipped with an oil-immersion objective (plan-NEOFLUAR 633/1.25), a 505 DCXR beam splitter (Visitron Systems, Puchheim, Germany), a high-speed polychromator system (Visitron Systems), and an iXon Ultra EMCCD camera (Andor, Belfast, United Kingdom) (32) .
TIRF microscopy
For single-molecule experiments, CHO cells were seeded on 24-mm clean glass coverslips at a density of 3 3 10 5 cells per well in complete phenol red-free medium to minimize autofluorescence. On the following day, cells were transiently transfected with 2 mg DNA and 4 to 6 mL of Lipofectamine 2000 transfection reagent (Invitrogen, Carlsbad, CA), according to the manufacturer's instructions. Cells were analyzed 4 to 12 hours after transfection to achieve low expression levels. CHO cells, transfected with SNAP-SSTR2 and CLIP-FLNA, were labeled with 1 mmol Alexa 647-BG (Alexa Fluor 647-SNAP Surface; New England Biolabs, Ipswich, MA) and 1 mmol TMR-BC (CLIP-Cell TMR-Star; New England Biolabs), respectively. Labeling was performed in complete phenol red-free medium for 20 minutes at 37°C, 5% CO 2 . At the end of the incubation, cells were washed three times with complete phenol red-free medium, each time followed by a 5-minute incubation at 37°C, and immediately imaged. These conditions resulted in optimized labeling of cell-surface SNAP-tagged receptors and intracellular CLIP-FLNA particles. A custom TIRF microscope based on an Eclipse Ti (Nikon, Tokyo, Japan) equipped with four EMCCD cameras (iXon DU897; Andor), 405-nm, 488-nm, 561-nm, and 640-nm diode lasers (Coherent, Santa Clara, CA), and a 1003 oil-immersion objective (CFI Apo TIRF 1003 numerical aperture 1.49; Nikon) was used. Cells were first searched using bright-field illumination, and then a fine-focus adjustment was performed, switching to TIRF mode, always keeping the intensity of the laser power as low as possible (3% laser power). This procedure minimized photobleaching before image acquisition. Afterward, laser power was set to 30%, and image sequences (300 to 400 frames) were acquired with an exposure time of 30 ms, resulting in an interval between frames of 61.9 ms. The penetration depth of the evanescent field was ;100 nm. The microscope was equipped with an incubator and a temperature-control unit. Experiments were performed at 20.5 6 0.3°C. Only cells with ,0.57 receptor particles/mm 2 were analyzed.
Mean square displacement analysis
Single-molecule image sequences were analyzed as previously described (23) (24) (25) (26) , including automated single-particle detection and tracking, which were performed using the utrack software in MATLAB (MathWorks, Natick, MA) environment (33) . Receptor diffusion was calculated based on a mean square displacement (MSD) analysis of individual trajectories derived from TIRF image sequences as previously described (24) . MSD data were fitted with the following equation: 
Colocalization index analysis based on single-molecule localizations
To analyze the relationship between localizations of SSTR2 obtained by single-molecule microscopy and the signals obtained in the actin channel, we adapted the method developed by Ibach et al. (34) , as previously described (26) . The method is based on a modification of Manders colocalization coefficients (MCCs) (35) . Briefly, in our study, we generated a binary mask corresponding to the fibers in the actin channel, and we calculated the number of SSTR2 localizations in which the mask in the actin channel is equal to 1. This was used to calculate a colocalization index, for which values can range from 21 in case of perfect anticorrelation to +1 in case of perfect correlation/colocalization, whereas a value of 0 indicates no colocalization.
Immunofluorescence and confocal fluorescence microscopy CHO cells were plated on 13-mm coverslips at a density of 1.5 3 10 5 cells per well in 24-well plates and grown at 37°C for 18 hours. Cells were then cotransfected with LifeAct-GFP, SNAP-SSTR2, and FLNA17-18 or FLNA19-20. Receptors were labeled 24 to 48 hours after transfection and stimulated with saturating concentration (100 nmol) of BIM23120 for up to 10 minutes to observe receptor cluster alignment with actin and colocalization with AP-2, for 15, 30, and 60 minutes to follow receptor internalization, at 37°C. After that, cells were fixed with 4% paraformaldehyde for 10 minutes at room temperature and washed three times in PBS. Cells cotransfected with SNAP-SSTR2 and FLNA fragments only were permeabilized with 0.3% Triton X-100 in PBS for 5 minutes, incubated with 10% FBS in PBS (Thermo Fisher Scientific, Rockford, IL) for 30 minutes, and then incubated with anti-AP-2 antibody (catalog number PA1-1066; Thermo Fisher Scientific) (36) for 2 hours at room temperature. After three washes with PBS containing 0.05% Tween 20, cells were stained with Alexa Fluor 488-conjugated secondary antibody (catalog number A-11008; Thermo Fisher Scientific) (37) for 1 hour at room temperature and extensively washed. Both primary and secondary antibodies were diluted in an antibody dilution buffer containing 1% BSA and 0.3% Triton X-100 in PBS. All coverslips were mounted on glass slides with ProLong Diamond Antifade mounting medium with 4 0 ,6-diamidino-2-phenylindole (Life Technologies). Image acquisition was performed on a Leica TCS SP2 laser scanning confocal microscope equipped with Ar 488-nm, HeNe 543-nm, and HeNe 635-nm lines and a 633 objective (HCX PL APO 633/1.4-0.60 Oil; Leica Microsystems, Wetzlar, Germany).
Colocalization analysis based on confocal images
For colocalization analysis based on confocal microscopy, confocal images in the different channels were acquired separately, upon adjusting the photomultiplier gain for each channel to minimize background noise and avoid saturated pixels. Only the optical section corresponding to the plasma membrane was analyzed. The degree of colocalization between SSTR2 and actin and between SSTR2 and AP-2 was measured on raw images, by calculating Pearson correlation coefficient and MCC, respectively, with the JACoP tool in ImageJ software (National Institutes of Health, Bethesda, MD). SSTR2 clusters analysis was performed by including clusters of area between 0.01 and 0.3 mm 2 .
Quantification of SSTR2 internalization
To quantify SSTR2 internalization, ;8 to 12 equatorial confocal sections from each cell body were sequentially collected to ensure a scan thickness of ;500 nm. The mean fluorescence density (F) in two distinct regions corresponding to the plasma membrane and the cytosol were determined densitometrically in one representative focal plane for each cell. The mean plasma membrane to cytosol fluorescence ratio (f R ) was then calculated according to the following equation:
with ImageJ, as previously described (38) . At least 30 cells for each group from three independent transfections were analyzed, and results were plotted as mean value 6 SEM expressed as percentage of basal condition.
An assay based on reversible biotinylation of cell surface proteins was used to quantify receptor internalization. CHO cells transiently expressing FLNA fragments and wild-type SSTR2 were washed three times with ice-cold PBS, followed by a 30-minute incubation with 500 mg/mL cleavable EZLink sulfo-NHS-SS-biotin (Thermo Fisher Scientific) at 4°C. Unreacted biotin was blocked and removed by three washes with cold Tris-buffered saline containing 10 mmol glycine. Biotinylated cells were incubated in prewarmed medium with or without 100 nmol BIM23120 at 37°C for 30 minutes and then chilled on ice to stop endocytosis. Glutathione (SigmaAldrich, St. Louis, MO) was used to release the biotin label from proteins at the cell surface: cells were washed twice with cold glutathione strip buffer (50 mmol glutathione, 75 mmol NaCl, 75 mmol NaOH, and 10% FBS in H 2 O), at 4°C for 20 minutes. Excess glutathione was then quenched by 30-minute incubation with 50 mmol iodoacetamide (SigmaAldrich) in PBS and 1% BSA, pH 7.4, at 4°C. Cells were lysed with 35 mL lysis buffer (Cell Signaling Technology, Danvers, MA), and 60 mg of total cellular protein extract was incubated with 1 mg SSTR2 (yI-17) antibody (catalog number sc-365502; Santa Cruz Biotechnology, Santa Cruz, CA) (39) in a total volume of 100 mL lysis buffer overnight at 4°C on a rotating device for immunoprecipitation. A total of 20 mL protein A/G Plus-Agarose (Santa Cruz Biotechnology) was then added, and tubes were incubated for 3 hours at 4°C under constant rotation. After five washes with ice-cold PBS, the pellet was resuspended in 45 mL Blue loading buffer (Cell Signaling Technology). Eluted proteins were separated by SDS-PAGE under nonreducing conditions. To detect biotinylated proteins, a 1:500 dilution of a horseradish peroxidase-linked antibody specific for biotin (catalog number 7075; Cell Signaling Technology) (40) was used. The presence of equal receptor amounts in the immunoprecipitates was confirmed by stripping and reprobing with the antibody against SSTR2 (1:1000; UMB-1; catalog number MAB10022; Abcam, Cambridge, United Kingdom) (41) and using an anti-rabbit secondary antibody covalently coupled to horseradish peroxidase (1:2000; catalog number 7074; Cell Signaling Technology) (42). The resulting bands were analyzed with ImageJ software. Experiments were performed in triplicate.
Statistical analysis
All statistical analyses were performed using Prism 7 software (GraphPad, San Diego, CA). Unless otherwise stated, data were analyzed by two-tailed paired Student t test or x 2 test, as indicated. P , 0.05 was accepted as statistically significant.
Results
Single-molecule microscopy captures individual SSTR2 and FLNA molecules in living cells
To visualize individual SSTR2 molecules at the plasma membrane of living cells, we generated an SSTR2 construct carrying a SNAP tag at its N-terminus (SNAP-SSTR2) (43) . The functional activity of SNAP-SSTR2 was confirmed by testing its ability to inhibit adenylyl cyclase activity in transfected HEK293A cells incubated with increasing concentrations of the selective SSTR2 agonist BIM23120 ( Fig. 1A; Supplemental Fig. 1 ). To allow simultaneous imaging of SSTR2 and FLNA, we additionally generated an FLNA construct carrying a CLIP tag within its first hinge region (CLIP-FLNA; Fig. 1B ) (44) . The CLIP-FLNA construct was validated in transfected CHO cells for its capacity to induce correct stress fiber organization and colocalize with actin filaments (Supplemental Fig. 2 ). These constructs were subsequently transiently transfected in CHO cells, covalently labeled with selective SNAP and/or CLIP fluorescent substrates, and imaged by fast one-or two-color TIRF microscopy ( Fig. 1C and 1D ). Individual SSTR2 and FLNA particles were then automatically detected and tracked using the utrack software (33) (Fig. 1E-1H ). Single-molecule analysis of SSTR2 reveals heterogeneous receptor dynamics at the plasma membrane
The spatiotemporal dynamics of SSTR2 at the plasma membrane of living cells was first analyzed in terms of receptor lateral mobility. To this end, CHO cells, which do not express endogenous SSTR2 (data not shown), were transiently transfected to express SNAP-SSTR2 at low physiological densities (0.57 6 0.07 particle/mm 2 ) and imaged by TIRF microscopy before and up to 5 minutes after stimulation with 100 nmol of BIM23120. An MSD analysis (23, 26) was used to estimate the diffusion coefficients of the SSTR2 particles based on their trajectories ( Fig. 2A and 2B ). The results of this analysis revealed a high heterogeneity among SSTR2 particles, under both basal and stimulated conditions. The results of the MSD analysis were also used to classify the SSTR2 trajectories into four groups corresponding to receptors that were either virtually immobile or characterized by a confined, directed, or Brownian motion (subdiffusion, superdiffusion, and normal diffusion, respectively) ( Fig. 2A and 2C ). Prior to stimulation, the mobile fraction was 94.6%. Short-term stimulation with BIM23120 caused a statistically noteworthy increase in the fraction of virtually immobile SSTR2s compared with basal conditions (16.5% vs 5.4%, respectively) and a corresponding reduction of ;3% for the remaining fractions (Fig. 2C) (Fig. 2D) .
To investigate the possible involvement of the cortical actin cytoskeleton in anchoring and/or limiting the mobility of SSTR2s (23, 26, 45), we simultaneously imaged actin fibers via cotransfection of LifeAct-GFP (29) (Fig. 2E) . We found that SSTR2s were preferentially localized along actin fibers, as indicated by positive colocalization index values [for details about the analysis, see Sungkaworn et al. (26) ]. The preferential localization of SSTR2s along actin filaments was further enhanced by BIM23120 stimulation (Fig. 2F) . These data suggested that SSTR2s were either directly or indirectly interacting with the underlying actin cytoskeleton.
FLNA controls SSTR2 mobility at the plasma membrane
The subcortical cytoskeleton has been shown to provide anchor points for receptors and other membrane proteins as well as barriers to their diffusion, a concept known as the fence-and-picket model (45) , ultimately resulting in the formation of subdomains at the plasma membrane (26, 45) . Because FLNA is a major actinbinding protein and has been previously suggested to interact with SSTR2 based on in vitro results (17, 22) , we investigated whether FLNA-SSTR2 interactions occur in living cells and play a role in SSTR2 spatial arrangement and mobility.
For this purpose, we coexpressed SNAP-SSTR2 and CLIP-FLNA in CHO cells at low physiological levels and simultaneously imaged individual SSTR2 and FLNA molecules by fast two-color TIRF microscopy followed by automated single-particle tracking. In a subset of experiments, we additionally labeled actin fibers via cotransfection of LifeAct-GFP. Importantly, we observed individual SSTR2s transiently stopping at sites on actin fibers where an FLNA molecule was also located ( Fig. 3A; Supplemental Fig. 3, Supplemental Movies 1  and 2 ). These results revealed that SSTR2 undergo transient interactions with FLNA lasting ;0.521 seconds, which resulted in a preferential localization of SSTR2s along actin fibers.
We then explored the overall contribution of SSTR2-FLNA interactions on SSTR2 mobility at the plasma membrane. To interfere with SSTR2-FLNA interactions, we coexpressed an FLNA fragment corresponding to domains [19] [20] , which has been previously suggested to exert a dominant negative effect on the binding of SSTR2 to endogenous FLNA (17) . FLNA17-18 was used as control (17) . Individual SSTR2 particles retained their heterogeneous diffusion dynamics, independently of the presence of the dominant-negative fragment (FLNA19-20) , as shown by an MSD analysis (Fig. 3B) . However, the average diffusion coefficients measured with FLNA19-20 under basal conditions were overall higher than with the control fragment (FLNA17-18), and these differences reached statistical significance for the superdiffusing particles, suggesting that the previously observed dynamic SSTR2-FLNA interactions on actin fibers contributed to slowing down SSTR2 diffusion at the plasma membrane (Fig. 3C) .
Disrupting SSTR2-FLNA interactions hampers agonist-dependent SSTR2 clustering
Because interactions with the actin cytoskeleton have also been suggested to play a possible role in receptor clustering (46, 47) , we simultaneously imaged SSTR2, FLNA, and actin at later time points. TIRF images acquired in CHO cells stimulated with BIM23120 for 10 minutes showed the formation of SSTR2 clusters, which were absent under basal conditions (Fig. 4A, arrowheads) . Interestingly, we found that these clusters had a tendency to be aligned along actin fibers and that FLNA was often present together with SSTR2 in these clusters. Similar results were also obtained in confocal microscopy experiments (Fig. 4B) , in which we used higher SSTR2 and FLNA expression levels to facilitate the detection of the clusters. Coexpression of the dominant-negative FLNA fragment (FLNA19-20) caused a statistically notable reduction of the colocalization of SSTR2 clusters with actin ( Fig. 4B and 4C ). This was accompanied by a statistically marked reduction in the size of SSTR2 clusters (Fig. 4D) and a tendency toward a reduction of their number (Fig. 4E) . These findings indicate a role of FLNA in the formation and correct spatial arrangement of SSTR2 clusters along actin fibers.
FLNA is required for efficient clathrin-mediated endocytosis of SSTR2
Like for many other GPCRs, prolonged SSTR2 stimulation leads to its internalization, mainly via clathrin-mediated endocytosis (CME) (48, 49) . Because actin and FLNA have been implicated in CME (46, (50) (51) (52) (53) (54) (55) , we investigated whether FLNA played a role in SSTR2 internalization. For this purpose, we simultaneously imaged the AP-2, which participates in both clathrin-coated pit (CCP) initiation and recruitment of receptors to nascent CCPs and is a widely used marker of CME (28) . Confocal microscopy showed that, in cells expressing the FLNA17-18 control fragment and stimulated with BIM23120 for 10 minutes, a relevant fraction of SSTR2 clusters contained AP-2 (Fig. 5A, white  spots) . These structures containing SSTR2s in nascent CCPs were observed to a remarkably lesser extent in FLNA19-20-expressing cells (Fig. 5A) . Indeed, MCC analysis demonstrated that the degree of SSTR2 colocalization with AP-2-positive pits (MCC1) was significantly reduced (from 37.1 6 8.7% to 18.9 6 9.9%) in the presence of the dominant-negative FLNA19-20 fragment. This was accompanied by a similar reduction in the colocalization of AP-2 with SSTR2 (MCC2; Fig. 5B ). These data suggested that although interfering with SSTR2-FLNA interactions had substantial but modest effects on the formation of SSTR2 clusters, consistent with the results of Fig. 4B , it largely impaired their coupling to CCPs and, thus, the recruitment of SSTR2 to CCPs.
Interfering with SSTR2-FLNA interactions impairs SSTR2 internalization
Given our observation that FLNA is required for SSTR2 recruitment to CCPs, we further studied the impact of FLNA-SSTR2 interactions on SSTR2 internalization. For this purpose, we analyzed the subcellular localization of SSTR2 by confocal microscopy in CHO cells transiently cotransfected with SNAP-SSTR2 and either FLNA17-18 or FLNA19-20 fragments and incubated with or without the agonist BIM23120 for up to 60 minutes. Under basal conditions, SSTR2 was virtually exclusively located at the plasma membrane, in the presence of both FLNA17-18 and FLNA19-20. As expected, BIM23120 induced a robust, time-dependent internalization and accumulation of SSTR2 in vesicles scattered throughout the cytoplasm in the presence of the control FLNA17-18 fragment (amount of internalized receptor of 54.8%, 68.7%, and 71.4% after 15, 30, and 60 minutes, respectively, corresponding to f R values of 0.45, 0.31, and 0.27, respectively) ( Fig. 6A and 6B) . In contrast, SSTR2 internalization was significantly impaired in the presence of the dominant-negative FLNA19-20 fragment (amount of internalized receptor of 41.5%, 45.4%, and 53% after 15, 30 and 60 minutes, respectively, corresponding to f R values of 0.58, 0.55, and 0.47, respectively) ( Fig. 6A and 6B ).
An assay based on biotinylation of cell surface receptors further showed that SSTR2 internalization was impaired in cells expressing the dominantnegative FLNA19-20 fragment compared with cells expressing the control FLNA17-18 fragment (39.1 6 6.7% vs 9.0 6 2.9%, respectively; *P , 0.01 vs FLNA17-18-expressing cells) (Fig. 6C ).
Discussion
The current study investigated the spatiotemporal dynamics of SSTR2 at the plasma membrane, revealing a crucial active role of the cytoskeletal adaptor protein FLNA in coordinating SSTR2 diffusion dynamics and internalization. Our major findings suggest a model by which FLNA molecules transiently interact with agonistactivated SSTR2s, facilitating their loose attachment to subcortical actin fibers, and, thus, controlling their spatial arrangement and mobility. By controlling the localization of SSTR2s relative to the actin cytoskeleton, FLNA-SSTR2 interactions promote SSTR2 internalization via facilitating the coupling between receptor clustering and accumulation in CCPs, both processes that occur with intervention of the actin cytoskeleton (51) (52) (53) (54) (55) (Fig. 7) .
Our single-molecule data indicate that SSTR2 lateral diffusion is modulated by agonist stimulation. The very high percentage (94.6%) of the mobile fraction seen under basal conditions is in agreement with fluorescence recovery after photobleaching results obtained with murine SST2a in living hippocampal neurons (56) . Interestingly, our data show a considerable increase in the fraction of virtually immobile receptors and lower diffusion coefficients within the mobile fractions in stimulated CHO cells in comparison with the basal state. These findings indicate that only a minor fraction of SSTR2s is associated with the cytoskeleton in the resting state, whereas such cytoskeletal interactions occur more frequently when the receptors are activated (Fig. 2) . Few controversial data are present in the literature regarding the role of FLNA in regulating the diffusion of cell surface proteins (57, 58) . Our MSD analysis shows that in the presence of FLNA19-20, used to interfere with SSTR2-FLNA interactions (17, 22) , SSTR2s are more mobile compared with control cells (Fig. 3) . Overall, our findings are in agreement with the fence-and-picket model of the plasma membrane (59, 60) , according to which integral membrane proteins (pickets) and barriers provided by the subcortical cytoskeleton (fences) compartmentalize the plasma membrane into small domains where receptors are loosely trapped. Our recently published data indicate that this phenomenon contributes to the formation of hot spots where receptors preferentially accumulate and signal (26) . The findings of the current study suggest the FLNA might act as a scaffold to preferentially recruit ligand-activated receptors at specific actin-rich regions of the plasma membrane, which, in turn, would facilitate SSTR2 recruitment in CCPs and their internalization.
Previous studies have implicated the actin cytoskeleton in the maintenance of discrete sites of CCP assembling on the plasma membrane (50-55). When we investigated SSTR2 dynamics at higher receptor expression levels (obtained after 48 hours transfection) than the ones achieved in previous single-molecule experiments (obtained after 4 to 18 hours of transfection), we observed receptor clustering upon prolonged stimulation. However, both the colocalization between SSTR2 clusters and actin filaments and the size of SSTR2 clusters were significantly reduced in the presence of FLNA19-20, the dominant-negative fragment of FLNA (Fig. 4) . These findings suggest that FLNA acts by linking SSTR2 clusters, CCPs, and subcortical actin fibers. A similar clathrin-actin linking role has been previously suggested for other actin binding proteins such as the huntingtininteracting protein 1-related protein (Hip1R) (52) . Among the different proteins that cooperate in the formation of CCPs, AP-2 is one of the key cofactors that promotes CCP initiation at the plasma membrane to then disengage from CCPs immediately before vesicle internalization (61) . In particular, the association of membrane-bound AP-2 with cytosolic clathrin triskelions favors cargo protein capture by the activated m2 subunit of AP-2 (28, 62) . Intriguingly, our data indicate that interfering with SSTR2-FLNA interactions reduces the colocalization between agonist-induced SSTR2 clusters and AP-2-containing CCPs, further supporting our hypothesis of a role for FLNA in the spatial coordination of receptor clustering and recruitment into nascent CCPs (Fig. 5) .
It has been previously postulated that the actin cytoskeleton might also play a mechanical role in CME, providing the force to drive invagination and translocation of the nascent vesicles into the cytoplasm (63, 64) . Our data suggest that interactions with FLNA are required to initiate and sustain the overall process of clathrin-dependent SSTR2 internalization (46, 47, 58, 65-70). Our imaging and biochemical data show that SSTR2 is rapidly and efficiently internalized in CHO cells (;70% internalization after 30 minutes of agonist exposure), in agreement with previous observations (48, (71) (72) (73) . However, SSTR2 internalization was strongly impaired when FLNA-SSTR2 association was inhibited (Fig. 6 ). This is in accordance with our previous observation that FLNA-SSTR2 binding is not required for SSTR2 expression and membrane localization in GHsecreting tumor cells but is rather involved in SSTR2 signaling and downregulation (17) .
In conclusion, our findings reveal that SSTR2-FLNA undergo transient interactions in living cells, which dynamically link SSTR2s to the actin cytoskeleton. These interactions with FLNA and actin fibers regulate SSTR2 spatial arrangement and mobility and are required for coupling agonist-dependent SSTR2 clustering to its recruitment to CCPs and, ultimately, its internalization. These results, together with our previous observation that FLNA is involved in the regulation of SSTR2 signaling and downregulation (17) , indicate that FLNA is a potential target to modulate the amount of active SSTR2s at the plasma membrane, with possible implications for the therapy of pharmacologically resistant GH-secreting pituitary tumors.
